ABSTRACT
INTRODUCTION
Leptin is a hormone that is produced by adipose tissue and is secreted in the blood (1) . Because leptin is produced by fat cells, serum leptin concentrations are positively correlated with the amount of fat mass in the body (2) . However, short-term severe energy restriction causes circulating leptin concentrations to decrease to a larger extent than would be expected from the loss of fat mass alone (3) (4) (5) . In a recent review, Flier (6) advocates that this decrease in leptin concentration serves as an important signal from fat to the brain that the body is starving. Moreover, he suggests that this function is likely to be as important as or more important than is leptin's function to inform the brain about the amount of fat mass. Because of the low availability of glucose, insulin concentrations decrease during energy restriction. It has been suggested that this decrease in insulin mediates the acute decrease in leptin (5, 7) . Moreover, growing evidence suggests that insulin itself is also involved in the central regulation of energy balance via a pathway similar to that for leptin (8, 9) .
Although several human intervention studies have shown that decreases in leptin concentrations are associated with increased appetite feelings (10 -13), only one study has shown that acute manipulations in energy balance are inversely associated with energy intake compensation (14) . However, this study included only 6 obese subjects and the manipulations included both energy restriction and overfeeding. Therefore, the results of that study have to be interpreted carefully. Thus, no solid data are available on the effect of an acute decrease in leptin on energy intake compensation in humans.
For studies measuring energy intake compensation, it is important to select subjects that are lean and do not exhibit restraint eating, ie, a high cognitive awareness of food intake (15) or any other inhibition. Being overweight and a restrained eater may suppress voluntary energy intake after weight loss. Therefore, we performed a study in 34 lean, male, unrestrained, free-living subjects. An acute decrease in fasting leptin and insulin concentrations was induced by 2 d of 62% energy restriction and, subsequently, the ad libitum compensatory energy intake was measured during the 2 d after. We hypothesized that men with a large decrease in leptin would have higher ad libitum energy intakes than would men with a small decrease in leptin. Second, we investigated whether this decrease in leptin was associated with macronutrient composition of the ad libitum food intake. Additionally, the changes in insulin concentrations during energy restriction were investigated in relation to compensatory energy and macronutrient intakes.
SUBJECTS AND METHODS

Subjects
A total of 35 men [age: 18 -50 y; body mass index (kg/m 2 ): 20 -30] were recruited among employees and students of Wageningen University, Wageningen, Netherlands. Only men were recruited to exclude an effect of menstrual cycles, which has been shown to affect both leptin concentrations (16) and appetite (17) . Exclusion criteria for participation were as follows: a high level of dietary restraint (Dutch Eating Behavior Questionnaire restraint scale score 2.38; 15); anemia (hemoglobin 8.5 mmol/L, hematocrit 0.41 L/L); diabetes or disturbed glucose metabolism (fasting plasma glucose concentration 6.1 mmol/L or glucosuria; 18); use of medication that affects energy metabolism, weight, or food intake; blood donation during the intervention study; and stomach or bowel diseases (blood in stool, constipation, diarrhea). A total of 35 subjects participated in the study. One subject had a very low leptin concentration before the intervention (0.9 g/mL) and, as a result, had a very high increase in leptin (65%) after energy restriction, rather than the expected decrease. Because of this change in leptin, we omitted the data for this outlying subject. The characteristics of the remaining 34 subjects are described in Table 1 . Before screening, all participants gave their written informed consent. The Ethics Committee of Wageningen University approved the study protocol.
Energy-restriction period
Days 1 and 2 of the protocol were strictly controlled and consisted of an energy-restricted diet providing two-thirds of estimated energy needs. To calculate the individual energy needs of each subject, the basal metabolic rate was estimated by using the equation of Schofield (19) : BMR (MJ) ϭ 0.0485 ϫ weight (kg) ϩ 3.67 (1) Then, the physical activity level was estimated from a short retrospective physical activity questionnaire containing 6 activities (20) . Basal metabolic rate and physical activity level were used to estimate individual energy needs:
Taking one-third of the individual energy needs and rounding these values up in energy groups of 0. Table 2) . Compliance was measured from preprinted daily food records, on which subjects recorded the time of consumption. Noncaloric beverages (eg, diet cola, black coffee, and black tea) were allowed during the energy-restriction period; a list of these products was provided o the subjects at the start of the intervention. The products consumed were also recorded in the daily food record.
Ad libitum food intake
Food intake on days 3 and 4 of the protocol was not controlled, ie, the subjects' intakes were ad libitum. During these days, the subjects ate a buffet-style breakfast and warm lunch at the laboratory. At least 200% of the estimated energy need was available to each subject, and empty packages and leftovers were used to record food intake. The remaining meals and snacks, which were provided and taken home, also contained ͧ200% of estimated energy needs. The subjects recorded the foods consumed at home in a diary and were asked to bring all empty packages and leftovers back to the laboratory. The diary, leftovers, and empty packages were cross-checked, and portion sizes were verified with dummies of household measures by a trained dietitian. Only foods that are generally consumed in the Netherlands were provided during the ad libitum period (21) (Appendix A). In addition to these foods, the subjects were free to use other products, but they were instructed to write these products down in detail in their diaries.
To prevent the subjects from consuming amounts similar to those consumed habitually, foods were provided in unusual portions sizes. For example, bread rolls were smaller than the regular size (20 g instead of 30 g) and plates larger than regular dinner plates were used. Additionally, breakfast on day 3 consisted of a milk shake (400 g), which was offered ad libitum in a blinded beaker. The macronutrient composition of the milkshake was determined according to the Dutch national guidelines (21); Energy intake (%) 58%, 29%, and 13% of calories were derived from carbohydrates, fat, and protein, respectively. One beaker contained 2.6 MJ, which reflects the average energy intake in young adult men during breakfast (21) . The subjects were instructed to drink until satiation. If necessary, a second and third serving were available. The subjects were not aware of the energy content of the breakfast meal.
Energy intake
During all 4 d, food intake was calculated by cross-checking the leftovers and diaries. Energy and macronutrient intakes were calculated by using the Dutch food-composition table (22) and product information from the manufacturers. To correct for individual differences in energy needs, energy intake proportional to estimated energy needs was calculated per day. Additionally, the percentages of energy derived from protein, fat, and carbohydrate were calculated to investigate the effect of leptin decreases on the macronutrient composition of the diet.
Blood sampling and biochemical analyses
Fasting blood samples were taken between 0730 and 0930 in the morning for each individual subject at the same time. Subjects were not allowed to drink or eat calorie-containing products ͨ12 h before blood sampling. Blood samples were placed directly on ice after sampling and were centrifuged at 1187 ҂ g (2600 rpm) for 10 min after the serum samples were coagulated. Serum and plasma samples were then divided among aliquots and stored at Ҁ70°C until analyzed.
Serum leptin concentrations were assessed in duplicate by radioimmunoassay (Linco Research Inc, St Charles, MO), with the lowest detection limit at 0.5 ng/mL. The intraassay CV was 3-8%; the interassay CV was 4 -8%. Serum insulin was measured in duplicate by immunoassay (Immulite 2000 Analyzer; Pharmacia & Upjohn Diagnostics AB, Uppsala, Sweden), with the lowest detection at 2.0 U/mL. Plasma glucose was measured quantitatively with a bichromatic endpoint assay (Glu FlexTM reagent; Dade Behring BV, Leusden, Netherlands). All samples for each subject were analyzed in one run. Means of the duplicates were used for data analyses.
Anthropometric measures
Height was measured with a wall-mounted stadiometer that was accurate to 0.5 cm, while subjects were shoeless, with the Frankfurt plane horizontal. The subjects were weighed wearing indoor clothing and no shoes and with empty pockets on a digital balance accurate to 0.1 kg in a fasting state after voiding.
Statistical analyses
Because of nonnormality, fasting hormonal concentrations were transformed with the natural logarithm (ln) before analyses. For these variables, geometric means and 95% CIs are provided. Other variables are provided as arithmetic means Ȁ SDs or 95% CIs. The range represents the minimum and maximum value of the variable. Changes in weight and biochemical variables during the energy-restriction period and the ad libitum period were tested with paired Students' t tests. Associations between baseline measures were calculated by means of Pearson's correlation coefficients (r).
Changes in biochemical variables were presented as proportional changes in the descriptive tables [(day 3 Ҁ day 1)/day 1 ҂ 100%]. Changes in biochemical variables within subjects between days were tested by repeated-measures analysis of variance; overall P values for a day effect are presented. Associations were tested by using changes in absolute values, ie, day 3 Ҁ day 1, or the ratios, ie, hormone concentrations on day 3/hormone concentrations on day 1. The latter resulted in a measure corrected for baseline concentrations. Associations between changes in biochemical variables and ad libitum food intake were calculated by regression analyses; slopes (␤1) and 95% CIs are provided in the tables. Because of a nonnormal distribution, the natural logarithm (ln) of the ratios were used in the regression analyses, ie, ln(day 3/day 1). P values 0.05 were considered statistically significant. For all data analyses we used the statistical package SAS (release 8.0; SAS Institute Inc, Cary, NC).
RESULTS
Energy restriction
At baseline, the serum leptin concentration was associated with body weight (r ҃ 0.39, P 0.05) and body mass index (r ҃ 0.55, P 0.001) but not with insulin concentration (r ҃ 0.18, P ҃ 0.30). The average change in body weight after energy restriction was Ҁ1.1 Ȁ 0.7 kg (range: Ҁ2.6 to Ҁ0.3 kg), and serum leptin, serum insulin, and plasma glucose concentrations changed by Ҁ1.0 (95% CI: Ҁ1.4, Ҁ0.5) g/mL, Ҁ2.4 (95% CI: Ҁ3.3, Ҁ1.5) U/mL, and Ҁ0.3 (95% CI: Ҁ0.4, Ҁ0.2) mmol/L, respectively ( Table 3) . Decreases in fasting leptin concentrations were neither associated with changes in body weight (r ҃ 0.20, NS) nor with changes in insulin concentrations (r ҃ 0.21, NS) but were highly associated with fasting leptin concentrations at baseline (r ҃ 0.89, P 0.0001), the proportion of energy restriction (r ҃ 0.48, P 0.01), and baseline body mass index (r ҃ 0.44, P 0.01). The decreases in fasting leptin concentrations were weakly associated with baseline body weight (r ҃ 0.33, P ҃ 0.05). During the energy-restriction period, the subjects consumed an average of 4.9 Ȁ 0.5 MJ (range: 4.4 -6.1 MJ), which reflected 38.0 Ȁ 2.7% (range: 32.1-43.1%) of their estimated energy needs (Table 2) .
Ad libitum food intake
During breakfast on day 3, 3.8 Ȁ 1.2 MJ (range: 1.7-5.1 MJ) of the milk shake was consumed. In total, 18.3 Ȁ 2.9 MJ (range: 12.6 -26.2 MJ) was consumed on day 3, which corresponded with 143 Ȁ 27% (range: 100 -217%) of the estimated energy needs. On day 4, 16.0 Ȁ 2.6 MJ (range: 11.0 -20.7 MJ) was consumed, which was 124 Ȁ 20% (range: 92-181%) of the estimated energy needs. The energy consumed on day 3 was positively associated with the degree of energy restriction (r ҃ 0.37, P 0.05). During the ad libitum days, the subjects regained 1.2 Ȁ 0.6 kg of body weight. Fasting glucose, insulin, and leptin concentrations increased significantly by 0.2 (95% CI: 0.1, 0.3) mmol/L, 2.5 (95% CI: 1.2, 3.7) U/mL, and 0.7 (95% CI: 0.4, 0.9) g/mL, respectively, relative to day 3 (Table 3 ). On average, fasting leptin concentrations increased by 37.6% (95% CI: 26.7, 48.5%), and insulin increased by 84.1% (95% CI: 55.9, 112.3%). These increases in fasting leptin and insulin concentrations were associated with their decreases during energy restriction: r ҃ 0.88 (P 0.0001) and r ҃ 0.47 (P 0.01), respectively.
Leptin and insulin decreases in relation to energy intake
Fasting serum leptin concentrations on day 3 were not associated with energy intake on the same day: energy intake in kJ (r ҃ Ҁ0.11, P ҃ 0.55) and energy intake as a percentage of energy (r ҃ Ҁ0.13, P ҃ 0.45). A small positive trend (r ҃ 0.31, P ҃ 0.08) was observed between the ratio of fasting leptin concentrations on day 3 and day 1 and energy intake (expressed as a percentage of estimated energy requirements) on the first ad libitum day ( Table 4) . In other words, a large decrease in leptin tended to be associated with a low energy intake directly after energy restriction (Figure 1) . On the second ad libitum day, no such trend was observed (r ҃ 0.15, P ҃ 0.41). No statistically significant associations were observed between the ratio of fasting insulin concentrations on day 3 and day 1 and the ad libitum energy intake on day 3 (r ҃ 0.27, P ҃ 0.13) or day 4 (r ҃ 0.22, P ҃ 0.21).
Leptin and insulin decreases in relation to macronutrient composition
No statistically significant associations were observed between changes in leptin during energy restriction and macronutrient specific energy intake (Table 4) . However, on the first ad libitum day, the ratio for fasting insulin concentrations was inversely associated with the percentage of energy derived from carbohydrates (r ҃ Ҁ0.49, P ҃ 0.006). On day 4, this association became weaker (r ҃ Ҁ0.30, P ҃ 0.08). In other words, a larger decrease in insulin was associated with a diet containing more energy from carbohydrate (Figure 2) . 
DISCUSSION
Although it is generally accepted that acute decreases in leptin, induced by severe energy restriction, are signals to the brain to stimulate energy intake, the present study is the first to investigate this in 34 young adult men. In the present study, we observed that leptin concentrations decreased significantly and that subjects showed compensatory energy intake. However, we did not observe a statistically significant association between the magnitude of the decrease in leptin and energy intake compensation.
As expected, serum leptin concentrations decreased after energy restriction and increased after refeeding. Additionally, other variables-such as body weight, insulin, and glucose-also showed the expected pattern: a decrease during energy restriction and an increase during ad libitum intake. Moreover, subjects showed compensatory behavior during the ad libitum period, ie, they consumed considerably more energy than their estimated energy needs. Compensatory energy intake was especially apparent on day 3; the subjects consumed an average of 43% more than their estimated energy needs. Nevertheless, we did not observe that men with a large decrease in leptin concentration had a larger ad libitum energy intake than did men with a small decrease in leptin concentration.
It might be that we did not find an association between the magnitude of the decrease in fasting leptin concentration and energy intake compensation because our group of subjects was too homogeneous. As stated in the introduction, restraint eating, ie, a high cognitive awareness of food intake (15) , and being overweight may suppress voluntary energy intake after weight loss and therefore affect energy intake compensation. For this reason, we selected a group of lean unrestrained-eating men for our intervention. However, by selecting this homogenous group, we presumably narrowed the variation in the leptin response. This may have resulted in a small contrast in energy intake compensation between the so-called hyporesponders and hyperresponders, thereby underestimating the existing associations.
During the ad libitum period, we used 2 methods to make the subjects aware of their internal cues for appetite and to prevent them from consuming their habitual meals. First, we provided the foods in unusual portion sizes, ie, greater or smaller portions (appendix A). Second, the breakfast on day 3 consisted of a milk FIGURE 1. Scatter plot of the ratio of fasting leptin concentrations on day 3 to those on day 1 (before and after 62% energy restriction, respectively) and energy intake on the subsequent 2 d of an libitum diet (n ҃ 34).
FIGURE 2.
Scatter plot of the ratio of fasting insulin concentrations on day 3 to those on day 1 (before and after 62% energy restriction, respectively) and energy derived from carbohydrates on the subsequent 2 d of an ad libitum diet (n ҃ 34).
shake, for which the energy content was not known to the subjects. It is possible that these 2 methods might have introduced extra variation in energy intake. However, we believe that these methods were necessary to make the subjects alert to their internal cues for appetite.
In our study, the energy intake compensation was defined as the proportional energy intake compared with the estimated energy needs. It might have been that the estimation of the energy needs affected this outcome measure. We used the equation of Schofield in combination with a physical activity questionnaire to estimate individual energy needs. The Schofield equation is a simple equation based on the sex, age, and weight of the subject (19) , and it has been shown that over-or underestimation with these type of equations is more likely to occur in obese subjects than in lean subjects, as in our study (23) . The physical activity questionnaire that we used included questions on 6 daily activities (20) , of which the number of hours of sleep and hours of working or studying were the most important questions. These 2 activities are rather constant within a subject. Moreover, the physical activity levels we observed were similar to those found in other studies (x : 1.8; range: 1.5-2.2) (24) . Therefore, we do not think that this estimation affected our results.
It has been shown that leptin has a diurnal pattern, which peaks at night (25) (26) (27) . Several studies have shown that, during energy restriction, not only fasting leptin concentrations, but also the diurnal variation of these concentrations, is decreased (26, 27) . Additionally, several studies have shown that carbohydrate composition affects the diurnal pattern of leptin. Weigle et al (28) have observed that a high-carbohydrate, low-fat diet increased the amplitude of leptin. Moreover, they observed that this increase in amplitude was predictive for the degree of body weight and fat lost during this study. This is in contrast with the finding of Teff et al (29) , who observed that fructose-containing beverages decreased the amplitude of leptin compared with glucosecontaining drinks, resulting in an increase in energy derived from an ad libitum test meal in restrained-eating women. In our study design, the measurement of spontaneous energy intake was critical. Continuous or multiple blood sampling would require a medical setting, which may have affected spontaneous energy intake. We therefore chose to measure ad libitum energy intake as accurately as possible in a free-living situation, but had to make the concession to only measure fasting leptin concentrations. However, further studies should also consider the change in diurnal variation as an important starvation signal.
We observed that large decreases in insulin lead to a high carbohydrate intake, ie, energy derived from carbohydrates and the amount of mono-and disaccharides that was consumed. This is in contrast with a classic study by Rodin et al (30) , which observed that not low, but high, insulin concentrations increase hunger, palatability of sucrose, sweetness, and food intake. However, this study investigated hyperinsulemic clamps under shortterm (150 min) experimental conditions, which are not comparable with our study setting.
There is evidence that the decrease in insulin during energy restriction might induce the decrease in circulating leptin (5, 7). During energy restriction, glycogen stores are being depleted, insulin concentrations decrease, and the body switches over to fatty acid oxidation. Human and in vitro studies have shown that a decreased glucose metabolism results in a reduction in leptin production (31, 32) . It has therefore been suggested that foods with a high glycemic index during energy restriction may blunt the decreases in leptin (33, 34) and thus lower the starvation signal to the brain, which eventually prevents weight regain after weight loss. However, others speculate that carbohydrates with a low glycemic index, ie, fructose, have the opposite effect; they do not stimulate the diurnal variation in leptin and basal leptin concentrations, which results in an increase in energy intake (29) .
In our study, few data on the specific mono-and disaccharide contents of the carbohydrates were available; only 3-16% of the data were available in the Dutch nutrient database (22, 35) . Because no reliable and accurate data are available, we can only speculate that the carbohydrate composition of the energyrestricted diet might have affected the leptin response and, therefore, the intake of carbohydrates during the ad libitum period.
Several human studies have observed that a greater decrease in leptin is associated with a greater appetite (10 -13) . However, no data are yet available on actual energy intake. Although it has been shown that the level of appetite is a good predictor of energy intake (36 -38) , it is possible that the relation between the motivation to eat and actual food intake is disturbed by a cognitive awareness in a human situation. This may affect food intake even after the exclusion of restrained-eating subjects from participation. The awareness of the subjects being on an energy-restricted diet might have disturbed the association between internal cues, ie, the decrease in fasting leptin, and subsequent energy intake compensation.
Animal models still provide most of the direct evidence for the role of the acute leptin response in energy intake compensation after energy restriction (6) . It might be that the role of leptin in starvation and energy intake regulation is different in rodents and cannot be extrapolated to humans. First, leptin-deficient rodents and starving rodents show several neuroendocrine changes (1), which are not observed in leptin-deficient humans (39 -41) or fasting humans (42) . These observations stress that there might be important differences in the physiology of starvation between species. Second, the cognitive awareness of humans during energy restriction, which is always present, also makes it very difficult to extrapolate findings from rodents to humans.
Overall, we conclude that the decreases in fasting leptin concentrations induced by a 62% energy-restricted diet of 2 d was not associated with the energy intake compensation during the following 2 d. Although it is generally accepted that the acute response in fasting leptin after energy restriction is a starvation response, more studies have to be conducted to confirm this assumption. Controlled interventions in obese and nonobese subjects are especially needed to unravel the function of this starvation response in humans.
